The modulation bandwidth enhancement of distributed reflector (DR) lasers with wirelike active regions utilizing optical injection locking is demonstrated both theoretically and experimentally. By the rate equation analysis, it is shown that DR lasers with wirelike active regions realize a low optical injection power and a large bandwidth enhancement under small operation currents. Experimentally, the small-signal bandwidth is increased to >15 GHz at a bias current of 5 mA, which is 4 times smaller than that for conventional edge-emitting lasers. A large signal modulation at 10 Gbps is also performed at the same bias current of 5 mA and voltage swing of 0.4 V pp , and error-free detection was confirmed under the low-power conditions. 
Introduction
Owing to the explosive growth of data communications, the demand for high-bit-rate access networks has risen very rapidly. Furthermore, high-speed optical interconnects such as active optical cables for dealing with large data capacity have attracted much interest. For such short-distance applications, low power consumption is an essential feature for optical transmitters. In terms of low-power semiconductor lasers, studies of several types of lasers with a low threshold current have been reported, such as vertical-cavity surface-emitting lasers (VCSELs) [1] [2] [3] , and distributed-feedback (DFB) lasers with a high index-coupling coefficient [4] , [5] . A low threshold current in the sub-mA range has been successfully demonstrated in these semiconductor lasers. Lasers based on high-index-contrast waveguides, such as microdisk lasers [6] , photonic crystal lasers [7] , and membrane lasers [8] , [9] , are also candidates for the next-generation lasers required for ultralow-power-consumption optical wiring in next generation LSIs and optical interconnects; however, their light output power is not practical for optical fiber communications. A distributed reflector (DR) laser [10] , consisting of DFB and distributed Bragg reflector (DBR) sections with wirelike active regions [11] , can also be operated with a low threshold current and a high efficiency because of its small active volume and strong index-coupling [11] , [12] . Experimentally, sub-mA threshold current operations of DR lasers have been reported [13] , [14] and high external differential quantum efficiency from the front facet of approximately 50% with sub-mA threshold current has been demonstrated [15] .
Another important issue is fulfilling the demands for high bandwidth without sacrificing power consumption and cost. Traditional direct modulation schemes have potential risk because a high bandwidth requires high laser operation currents. One promising solution is the use of optical injection locking (OIL) techniques [16] , which has several unique advantages such as modulation bandwidth enhancement [16] , [17] , relative intensity noise reduction [18] , and chirp-managed transmission [19, 20] with a simple combination of typical optical components.
Although OIL has been actively demonstrated in typical semiconductor lasers such as Fabry-Perot (FP) lasers, DFB lasers, and vertical-cavity surface-emitting lasers (VCSELs), the best OIL schemes for access applications are still under investigation. OIL-FP lasers have a cost advantage but their bit rates for OIL-FP applications are typically below 2.5 Gbps [21] . On the other hand, OIL-DFB lasers have shown an ultrahigh resonance frequency exceeding 100 GHz [17] ; however, its 3-dB bandwidth is relatively small. The high threshold and bias currents required for injection locking lead to severe power consumption problems. OILVCSELs are widely studied and very attractive in terms of their power consumption features, but their introduction into real-world access networks remains uncertain owing to their insufficient optical output power compared with that of edge emitting lasers.
Because DR lasers with wirelike active regions have a sub-mA range of threshold current as well as a high output power sufficient for module standards such as IEEE and ITU, they can resolve not only the issue on compatibility with the current edge-emitter-based access network but also cost and power consumption issues. In addition, the OIL of DR lasers can be realized with a lower optical injection power than that of the conventional DFB lasers owing to the structural features of wirelike active regions. Therefore, the DR laser with wirelike active regions can be a promising candidate for OIL access network systems. In this paper, we theoretically and experimentally demonstrate the OIL of DR lasers with wirelike active regions for the first time. We also show the concept of DR lasers with wirelike active regions and their theoretical superiority to the conventional DFB lasers. The experimental results are focused on bandwidth enhancement at a small operation current for the cost-effective access networks. Figure 1 shows the schematics of the DR laser with a double-channel high-mesa stripe surrounded by benzocyclobutene (BCB). The DR laser consists of an active DFB section with wirelike active regions of wire width W a and a passive DBR section with active regions of wire width W p . Although conventional index-coupled DFB lasers possess two lasing modes, DR lasers with wirelike active regions always oscillate on the longer-wavelength side of the stopband owing to the gain matching effect [12] . Therefore, the period in the DBR section (Λ p ) is slightly longer than that in the DFB section (Λ a ) in order to match the Bragg wavelength of the DBR section with the lasing wavelength. The wire width in the DBR section (W p ) is smaller than that in the DFB section (W a ) so that the absorption in the DBR section is suppressed owing to the lateral quantum confinement effect [11] . As a result, a high reflectivity can be obtained simply by modulating the width of the wirelike active regions without additional epitaxial growth. For the theoretical analysis of optical injection locked lasers, the use of the rate equation model is most effective method and most commonly used. We analyzed the OIL characteristics of DR lasers with wirelike active regions using the following three rate equations [22] , [23] for the DR laser's field amplitude A(t), the field phase difference between the DR laser and the master laser φ(t), and carrier numbers in the active regions of the DR laser N(t):
Theoretical analysis
where g is the differential linear gain coefficient, N th the threshold carrier number, α the linewidth enhancement factor, J the number of injection carriers, γ N the carrier recombination rate, and γ P the photon decay rate, respectively. The injection terms κ, A inj (t), and ∆ω inj are the coupling coefficient, injected field amplitude, and detuning frequency between the master laser, and the free-running DR laser, respectively. The main differences between DR lasers with wirelike active regions and conventional DFB lasers are as follows. First, the DR lasers have a high coupling coefficient κ so that a lower optical injection power can be obtained. Since the DR lasers have a high index-coupling coefficient κ i > 300cm −1 , very short cavities from 80 µm to 200 µm long are realized experimentally. Because κ is inversely proportional to the cavity roundtrip time τ rt (κ = 1/τ rt ), the injected field is effectively coupled to a DR laser. It can be physically understood that the injected field amplitude is coupled to the slave laser field every time the slave field "hits" an injection facet [24] . Another feature is the small modulation response drop-off below resonance frequency. Although a high resonance frequency can be obtained with large ∆ω inj , the flatness of the modulation response strongly depends on slave laser bias current. As Lau et al. previously indicated [23] , the modulation response drop-off is dominated by photon density inside the laser cavity and can be overcome by increasing bias current. Bias currents several times of the threshold current or several tens of mA are necessary so that the large power dissipation, which is a severe problem with OIL-DFB lasers can be eliminated. In contrast, DR lasers with wirelike active regions experience minimal drop-off owing to their high photon density. Assuming the same cavity Q and output power, a shorter cavity laser with a higher photon density is realized. Also, the longitudinal optical confinement is higher than a filling factor of wirelike active regions owing to the global effect [25] . The enhanced optical confinement enables a 1.5 fold higher photon density. Therefore, a high bandwidth under small bias currents can be achieved for DR lasers with wirelike active regions. Table 1 . Assuming low-power OIL laser modules, the bias current of the DR laser was set to 3 mA above the threshold and a low optical injection condition of A inj = 0.5 A free-running was used for the calculations. For the DFB laser, the bias current was set to 11 mA, which provided the same relaxation oscillation frequency with the DR laser in the free-running case. Figure 2 clearly shows that the OIL-DR lasers have a higher resonance frequency, which means a higher effective optical injection power. This was already discussed in terms of the short roundtrip time and the high κ. Even with the same resonance frequency f r , for example, ∆λ = 0.08 nm in Fig. 2(a) and ∆λ = −0.08 nm in Fig. 2(b) , the OIL-DR lasers show a relatively flat modulation response, whereas the conventional DFB lasers show the response drop-off. From this result, the small response drop-off of the OIL-DR lasers is successfully confirmed. As a result, the bandwidth enhancement of OIL-DR lasers exceeding 20 GHz at a very small net bias current of 3 mA, which cannot be realized by normal direct modulation and/or OIL using conventional DFB lasers, has been successfully demonstrated. -GaInAs contact layer were grown at 650°C. After the OMVPE growth, a high-mesa stripe structure was fabricated by a combination of wet chemical etching and CH 4 /H 2 RIE. After spin-coating BCB to make the surface flat, it was etched back by CF 4 /O 2 RIE to open a contact window. Finally, Ti/Au was evaporated onto the p-and n-side contact layers, and a lift-off process was carried out to form a contact pad on the n-side. Figure 3 shows the current-light output power (I-L) characteristics of the free-running DR laser used in the OIL experiments. Under a room-temperature continuous-wave condition, a moderate low threshold current I th of 1.7 mA and a differential quantum efficiency from the front facet (η df ) of 35% were obtained. The stable single mode operation with a side-mode suppression ratio (SMSR) of 43 dB was obtained at a bias current of 2I th , as shown in Fig. 4 . The index coupling coefficient κ i was estimated to be 470 cm Figure 5 shows the schematic of the experimental setup for the OIL. The laser output was coupled to a lensed fiber with a 2 dB coupling loss. As the master laser, the tunable laser SANTEC TSL-210H was used. The optical injection was carried out through an optical circulator. Note that the same side of the laser facet was used for light injection and OIL-DR laser light output extraction. A polarization controller (PC) was used to adjust the lasing polarization to maximize the optical injection effect under a given master laser output power to evaluate OIL properly. Although the injection ratio that dominates the dynamics of the OIL lasers is the internal injection ratio R inj,int ( = A inj /A free-running ), R inj,int cannot be directly measured. Hereafter, we use the external injection ratio R inj,ext defined as the ratio of injecting light that reached the laser facet to the facet output power of a free-running DR laser. The conversion between the internal and external injection ratios can be easily derived from the roundtrip travelling model as
Experimental results

Laser characteristics and experimental setup
where α m is the mirror loss for the light injection facet, L the cavity length, and R the facet reflectivity for the light injection facet, respectively. The calculated α m from the structure was 5 cm
. The experimental setup used for large-signal measurement is not shown here; however, the same injection method and master laser were used. Figure 6 shows the stable locking range at various R inj,ext values with a bias current of 5 mA. The locking range at an injection ratio of 13 dB was about 0.3 nm. The bandwidth enhancement of the OIL-DR lasers was confirmed from the S 21 responses of a network analyzer, as shown in Fig. 7 . The injection ratios in Figs. 7 (a) and (b) are 5 dB and 13 dB, respectively. The data were calibrated for cable loss, bias-T loss, and photodetector loss. However, it still includes laser parasitic loss. As described above, the polarization of the master laser light output was carefully controlled to maximize the bandwidth. The 3 dB bandwidth in the case of a free-running laser was 1.7 GHz, reflecting a small bias current of 5 mA. In contrast, the 3 dB bandwidth was successfully enhanced to 7.7 GHz and 15.5 GHz at maximum at optical injection ratios of 5 dB and 13 dB, respectively. A 3 dB bandwidth of more than 15 GHz at a bias current of 5 mA was unobtainable in conventional or OIL edgeemitting lasers [20] , [26] . Bias current was successfully reduced by a factor of more than 4 in DR lasers with wirelike active regions; previously reported works required bias currents in the 20-50 mA range. The bandwidth enhancement is modest but quite promising, given that the bias current is relatively low and the cleaved facet reflects a significant amount of injected power (30% reflectivity). Further bandwidth enhancement can be obtained if injection ratio or bias current is increased. Figure 8 shows the results of the bit-error rate test using directly modulated 10 Gbps nonreturn-to-zero (NRZ) 2 7 -1 pseudorandom bit sequence (PRBS) signals. The bias current was 5 mA and the voltage swing was 0.4 V pp . The corresponding extinction ratio was 3 dB. An injection ratio of 5 dB was used since this gives sufficient bandwidth for 10 Gbps and a higher injection ratio reduces the extinction ratio owing to the interference between master laser light reflected from slave laser facet and the slave laser output. This is the case if the same port is used for injection locking and slave laser output [27] . Figure 8 shows that error-free detection was achieved. The average power received for error-free detection was −3 dBm, which was limited by the excessive noise of the electrical amplifier inserted between the photodetector and the error detector. The inset of Fig. 8 shows the corresponding eye diagrams. With help of the OIL, successful eye opening at a bias current of 5 mA was observed. The noise at the 0 or 1 level partly came from the poor noise characteristics of the master laser. The use of wavelength filters or other master lasers will improve eye diagrams. For higher extinction ratios, devices with higher efficiencies will be more effective. Also, the optimization of the injection ratio and detuning wavelength at a given modulation speed may lead to optical modulation signals of better quality. 
Results of optical injection locked DR laser
Conclusion
We demonstrated the optical injection locking of a distributed reflector laser with wirelike active regions both theoretically and experimentally. Owing to the low threshold current and wirelike structural features of DR lasers, a 3 dB bandwidth of more than 15 GHz was achieved with a small bias current of 5 mA at an injection ratio of 13 dB. Also, error-free 10 Gbps detection was achieved with a bias current of 5 mA and a small voltage swing of 0.4 V pp .
In conclusion, a DR laser with wirelike active regions is a promising candidate for future optical-injection-locking-based low-cost high-bit-rate access network systems.
